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Abstract. The Kerker effect is one of the fundamental concepts in nanophotonics for
controlling scattered radiation from single nanoparticles. It is based on the interaction of
electric and magnetic dipoles, which, as a result of interference, determine the directional
pattern of scattered radiation. The implementation of this principle allows the creation of
nanoantennas that effectively redirect radiation from other nanoscale sources. This work
demonstrates the possibility of dynamically controlling the directional pattern of scattered
radiation by using nanoparticles made of the phase-change material Sb,Se.. The “ON” and
“OFF” modes of directional scattering are shown when the phase of tﬁe material changes.
These results may open up a new path in the implementation of dynamically changing
nanoantennas for applications in quantum cryptography and optical telecommunications.
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AnHotamus. Dddexr Kepkepa SIBISICTCS OTHONM M3 KIIIOYEBBIX KOHIICTIIIMI COBpE-
MEHHOW HaHO(MOTOHWKHU IJIsI YIIPABICHUSA PacCeTHHBIM M3JIydeHHeM OT OAWHOYHBIX Ha-
HouacTull. OH OCHOBaH Ha B3aMMOACHCTBUU 2JIEKTPUYECKOTO M MAaTHUTHOTO IHITOJICH,
KOTOpPBIE B pe3yibTaTe MHTepGEpeHIINU OTPEACNISIIOT AUarpaMMy HaIIpaBICHHOCTH pac-
CesTHHOTrO M3iy4yeHMs. Peanusanus maHHOTO MPUHIIMIIA TTO3BOJISIET CO37aBaTh HaHOAH-
TE€HHBI, 3()(EKTUBHO ITePEeHANPABISIOIINE U3IydeHUE OT APYTrUX HAHOPAa3MEPHBIX UCTOY-
HUKOB. B maHHOi#1 paboTe DEMOHCTPUPYETCS BO3MOXKHOCTh JMHAMUYECCKOTO YITPaBICHMS
IrarpaMMOi HAIIPaBICHHOCTH PACCETHHOTO M3JIYYeHMS 3a CYET MCITOJIb30BaHMS HAHO-
vacTuil u3 QasornepemeHHoro marepuana Sb,Se,. Ilokasan pexum «BKJI» u «BbIKJI»
HAITpaBJICHHOTO paccesHUs TIpu cMeHe (pa3bl MaTepraia. DTH pe3yJbTaThl MOTYT OTKPBITh
HOBOI1 ITyTh B peajnu3allii TMHAMMYECKM U3MEHSIOIINXCSI HAHOAHTEHH [IJIsI TIPUJIOKEHUIA
KBaHTOBOI KpUNTOrpacuy ¥ ONTUYECKOM TeJICKOMMYHUKALIVY.

KoueBbie cioBa: HaHouacTHUbl, ha3orepeMeHHBI MaTepuall, adpdekr Kepkepa
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Introduction

Controlling the direction of light propagation using nano-objects is a major achievement in
modern nanophotonics. One way to achieve this control is by changing the directional pattern
of scattered light from nanoparticles. This is possible due to the realization of the Kerker effect,
in which interference occurs between magnetic and electric dipole moments. The Kerker effect
was first described in 1983 when observing light scattering from a magnetic particle [1], but later
this effect was generalized for non-magnetic particles as well. To date, it has been shown that the
Kerker effect can be observed from various nano-objects, including metasurfaces and particles of
arbitrary shape [2, 3]. However, as a rule, all implementations of the Kerker effect are static [4],
that is, the scattering pattern can only change when the wavelength or size of the nanostructure
changes. This imposes significant limitations on the use of nanoparticles as nanoantennas, as it
is not possible to dynamically change the pattern.

One solution to the problem of dynamic light control could be the use of phase-change
materials [5]. These are a class of materials that undergo a reversible phase transition from an
amorphous to a crystalline state. Phase transitions in phase-change materials are realized under
the action of a thermal stimulus, which can be created either directly by thermal heating or
through the conversion of an electrical or optical pulse into local heat within the material. When
the phase of the material changes, its optical and electrical properties also change dramatically.
These materials are actively used to create reconfigurable metasurfaces and photonic structures
that provide dynamic light control [6]. One of the promising materials in this class that can be
used in photonics is Sb,Se, (hereafter SbSe) [7]. This is a new wide-bandgap material with no
losses in the near-IR range, which distinguishes it favorably from more well-known materials such
as GST, AIST, and GeTe [8]. At the same time, the refractive index in both the amorphous and
crystalline phases is close to that of silicon. This contributes to further compatibility with silicon
photonics components.

c-SbSe - o a-SbSe

Fig.1. Schematic of the working principle of Huygens metaatom

In our work, we demonstrate the possibility of changing the light scattering diagram for
SbSe nanoparticles by changing its phase (Fig. 1). We performed a theoretical calculation of light
scattering spectra followed by multipole decomposition from nanoparticles with a diameter of
260-300 nm. We determined the dependence of the spectral position of resonances associated
with the electric and magnetic dipole moments in the particle, as well as their spectral shift when
the phase of the material changes. As a result of multipole decomposition, spectral regions were
determined where electric and magnetic dipole moments of equal intensity are observed, i.e.,
regions where the Kerker effect can be observed. Finally, scattered light directionality diagrams
were constructed, demonstrating the possibility of “ON” and “OFF” directional scattering when
the phase of the material changes. These results can serve as a foundation for the creation of
tunable nanoantennas for quantum and optical telecommunications applications and photonic
computing circuits.
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Materials and Methods

The paper investigates light scattering by a single spherical nanoparticle (metaatom). The scat-
tering cross-section (SCS) of a single metaatom can be expressed in terms of Mie theory:

271 b 2), 1

= 2
Csca :_2 (2n+1)( n
n=1
where is k_is the wavenumber in the surrounding medium, a, and bn are the Mie coefficients
corresponcflng to the electric and magnetic multipole moments, respectively, and #n is the order
of multipole.
The Mie coefficients are expressed in terms of Riccati—Bessel functions:
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where ns is the refractive index of the sphere and the Riccati—Bessel functions are:

¥, (x) =, (x), §,(x) = xh," (x), 3)

where j (x) is the spherical Bessel function of the first kind, k" (x) is the spherical Hankel func-
tion of the first kind, x is the size parameter, defined as x = k 7 with r being the radius of the
sphere.

To analyze the contribution of various multipole moments to the scattering of spherical nano-
particles, Cartesian electric and magnetic multipoles were calculated using the COMSOL Multi-
physics software package (Electromagnetic Waves, Frequency Domain module).

Cartesian multipoles, defined by the polarization distribution inside the particle, are equivalent
to spherical multipoles Mie for arbitrary shapes and spherical particles. The mathematical defini-
tion of electric and magnetic dipole moments in Cartesian representation was used in accordance
with [9].

Electric dipole moment p in Cartesian form is as follows:

3(r-P)-r’P
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where P is the polarization vector, 7 is the radius vector, k is the wavenumber in the particle, Jo

and j, are spherical Bessel functions.
Mzagnetlc dipole moment m:
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The cross sections for the scattering of electric and magnetic dipoles were determined as:
k4
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where |E |* is the intensity of incident field.
Kerker conditions were used to analyze the radiation pattern. [1]. These conditions are given

by:
(8)
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The first condition (a, = b,) corresponds to maximum forward scattering. The second condi-
tion (a, = b ) leads to suppression of scattering in the forward direction and predominant back-
ward scattering.

Results and Discussion

Let us consider the scattering cross section of a spherical particle in the amorphous and
crystalline phases of a material when illuminated by a plane wave (the incident wave vector is
directed along the x-axis). The research particle sizes were invesétigated: radii R = 130 nm and
R = 150 nm in the wavelength range 700—1000 nm. The choice of particle radii is due to the fact
that the corresponding dipole resonances lie in the near-infrared and telecommunications range,
which makes metaatoms applicable in telecommunications applications. The meta-atom is exam-
ined in air (n = 1), providing a universal approach to analysing its optical properties. As shown in
the article on dielectric nanoparticles [10], the influence of the substrate on the spectral charac-
teristics of the meta-atom depends on its optical properties. For weakly reflective substrates (for
example, glass), the primary influence of the substrate is a change in the scattering cross-section
amplitude, while the resonance shift remains insignificant. This approach allows us to identify
the fundamental resonant characteristics of the material, and the influence of a specific substrate
can subsequently be taken into account as a correction for given experimental conditions. In
the amorphous phase, pronounced electric and magnetic dipole resonances are observed. The
first-type Kerker effect occurs at 1030 nm for a particle with R = 130 nm and for a particle with
R = 150 nm at a wavelength of 1393 nm. The scattering is collimated with the propagation of
the incident radiation (Fig. 2). The coincidence of the phases of the electric and magnetic dipole
moments in the amorphous phase at these wavelengths leads to preferential forward scattering
and suppression of reflection. Thus, the amorphous phase exhibits the full behaviour of a Huygens
metatom. A change in the particle radius leads to a shift in the spectral position of the electric
and magnetic dipole resonances, and therefore also changes the position of their intersection,
corresponding to the Kerker condition.

a)
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Fig.2. Scattering cross-sections and multipole decomposition for a spherical nanoparticle of (a)
amorphous SbSe (R = 130 nm), (b) crystalline SbSe (R = 130 nm),
(¢) amorphous SbSe (R = 150 nm) and (d) crystalline SbSe (R = 150 nm).

The spectra are normalized to the geometric section of the sphere
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The transition to the crystalline state of the material is accompanied by an increase in the
absorption of the material and a change in the phase of dipole oscillations. The change in the
SbSe phase leads to significant changes in the scattering cross section. At wavelengths of 1030 and
1393 nm, there are no intersections between the electric and magnetic dipoles for the crystalline
phase. The far-field scattering distribution at a wavelength of 1030 nm for a particle with a radius
of 130 nm confirms these effects (Fig. 3).

These results highlight the potential of dynamic light control through phase state adjustment.

a) b)
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Fig.3. Far-field scattering patterns at wavelengths of 1030 nm,
respectively from a single (a) amorphous SbSe nanoparticle and (b) crystalline
SbSe nanoparticle

Conclusion

The work demonstrated that the Kerker effect is observed in the light scattering from a single
SbSe nanoparticle. The possibility of dynamic changes in the spectral position of resonances in
the scattering spectrum when the phase of the material changes was shown. The possibility of
changing the direction of propagation of scattered radiation by changing the phase of SbSe has
also been demonstrated. We are confident that the results obtained will find practical application
in the creation of reconfigurable nanoantennas for telecommunications, cryptography, and pho-
tonic computing circuits.
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